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Abstract 
Biomass combustion has a huge potential to produce power and heat in a sustainable way. However, some biomass 
fuels have high potassium contents, which react with other ash forming elements (i.e. Cl, Si, P and S) and lead to 
different ash related operational problems. Utilization of additives to abate these problems have been studied and 
tested for several decades. This work reviews current knowledge and studies about properties and effects of additives 
reported in the literature. Various additives can mitigate ash related issues by the following possible mechanisms: 1) 
capturing problematic ash species via chemical adsorption and reactions, 2) physical adsorption and elutriating 
troublesome ash species from combustion facilities, 3) increasing the biomass ash melting temperature by enhancing 
inert elements/compounds in ash residues, and 4) restraining biomass ash sintering by diluting and powdering effects 
from the additives. Additives are grouped according to the contained reactive compounds, including Al-silicates 
based additives, sulphur based additives, calcium based additives, and phosphorous based additives. Additives with 
strong chemical adsorption and reaction capacities can minimize K related ash sintering, deposition and slagging 
during biomass combustion processes. The effective chemical reaction mechanisms are closely related to K-Al-Si, K-
Ca-Si and K-Ca-P systems. The capacities of additives to reduce ash related problems are heavily influenced by 
mass/molar ratios between the reactive components in the additives and the problematic elements in the biomass ash, 
as well as the reaction atmosphere and combustion technology. More detailed studies on high temperature reactions 
between additives and ashes from biomass combustion are needed. 
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1. Introduction 
Biomass is continuously gaining interest for use as a sustainable energy resource, and is available in 
many forms and can be obtained from different sources.[1, 2] With further development, utilization of 
bioenergy can be expanded to meet the increasing energy demands, reduce the carbon dioxide emissions 
and global warming, with the benefit of urban and rural wastes disposal.[2, 3] Currently, biomass 
combustion is still the dominating conversion technology for heat and power production.[3, 4] However, 
some biomass fuels contain a significant amount of potassium and other inorganic elements as well. The 
release and transformation of these inorganic elements lead to different ash related operational problems 
during energy conversion processes.[1-3] These ash related operational problems reduce the efficiency of 
the combustion systems, cause extra costs for boilers cleaning and maintenance, and hinder further 
utilization of biomass materials as combustion fuels.[1-3, 5] The ash related operational problems are 
especially severe during combustion of biomass fuels derived from the agricultural sector, contaminated 
wastes materials and residues from bio-refinery and food processing plants.[6-11] Several methods have 
been proved efficient to abate the different ash related issues during biomass combustion. They are: (1) 
utilization of additives, (2) fuel mixing, (3) leaching out the problematic elements from fuels before 
combustion.[6-8, 11-13] Among these methods, applying additives to mitigate ash related problems in 
biomass combustion applications is one of the most promising options. So far, various materials and 
chemicals have been tested as additives in different biomass combustion reactors, facilities and plants, 
with large amounts of experimental data produced and reported.[6-9, 11, 14-28] For further application 
and selection of the proper additives for a certain biomass combustion process or utility, it is necessary to 
gain a better understanding about chemistry and interactions between additives and problematic ash 
species. The aim of the present work is to briefly summarize ash induced operational problems and 
review the additives reported used in literatures. 
2. Ash related operational problems during biomass combustion applications 
Ash forming matters in biomass fuels can be grouped into four types: (1) water soluble salts, (2) 
elements associated with the inorganic materials of the biomass, (3) minerals included in the fuel 
structure, (4) inorganic material added to biomass from extraneous sources.[29-34] 
During biomass combustion, complex transformations and chemical reactions of ash forming matters 
may occur including: (1) release and volatilization of inorganic species (e.g. alkali metals and some heavy 
metals) from burning fuel and char particles,[1, 29, 31, 35, 36] (2) interaction of inorganic elements with 
formation of salts (e.g. chlorides, sulphates, hydroxides and phosphates) in liquid and gas phases,[10, 29, 
36-38] (3) interactions between solid phase particles and released volatile inorganic species,[16, 27, 34, 
39] (4) fusion or partial fusion of low melting ash components (i.e. alkali silicates) with formation of a 
molten phase [6-10] (5) sintering of unburned char residues and inert solid ash residues due to presence of 
molten phase.[5, 9, 8, 29] The transformation and interactions of ash forming matters are accompanied by 
fragmentation and coalescence of fuel, char and ash residue particles.[8, 9, 11] Various operating 
problems can be encountered in biomass combustion processes, and are often associated with the 
presence of problematic species in combustion systems. Potassium is the key element that results in 
formation of troublesome species via different routes at combustion temperatures, including: (1) 
Formation of potassium salts (i.e. KCl, K2SO4, and K2CO3) during fuel particles devolatilization and char 
burnout. The potassium salts have melting temperatures as low as 770 °C.[1, 2] All of the salts may be 
carried out by the gas flow and cause fouling deposits on heat exchange tube surfaces. (2) Formation of 
different potassium silicates via reactions between the potassium salts and silicon/silicates in the fuel. 
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Fig. 1. Formation of potassium containing salts and silicates [1-3, 23, 24, 29, 15] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Formation of potassium containing silicates and phosphates [8, 9, 15] 
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The binary K2O-SiO2 system can be expected to start melting at temperatures of 600-700 °C. Some 
potassium silicates may present as viscous liquids at normal biomass combustion temperatures (700-1000 
°C) and cause ash sintering and bed agglomeration.[3, 36] (3) Formation of melts with chemical 
compositions in ternary K2O-SiO2-Al2O3 and K2O-SiO2-CaO systems, as shown in Figure 2-b and 2-
c.[15, 29, 33] If the SiO2 content in a potassium aluminum silicate or potassium calcium silicate is high, 
the silicate may be located in regions marked with the red ellipse (Figure 2-b and 2-c), which have 
melting temperatures even lower than 700 °C.[15, 38] Therefore, potassium silicates with certain 
chemical compositions may melt at biomass combustion temperatures and cause ash sintering, and (4) 
Formation of potassium phosphates with high content of potassium or high K/Ca ratios (phosphates 
located in the region marked with the red ellipse in Figure 2-d).[8, 9, 38] These phosphates readily melt 
during biomass combustion and result in ash sintering and slagging. It has been reported that formation of 
potassium rich melts is the main cause of severe ash slagging during combustion of P-rich agricultural 
residues and cereal grains.[8, 9, 40] In addition, blending of a low melting temperature K-Si-dominated 
fuel (wheat straw) with a low melting K-P-dominated fuel may promote generation of complex K 
silicates-phosphates. These K silicates-phosphates have even lower melting temperature compared with 
parent fuel ashes.[40] 
As results of release and formation of different problematic ash species, different operational problems 
may occur in a combustion system using biomass as fuel. These problems are: (1) formation of slag and 
aggregates caused by fused or partly fused ash at high temperature in combustion appliances,[3, 8, 9, 11, 
19] (2) fouling and slagging deposits on heat exchange components surfaces due to condensation of alkali 
salts and binding of fine ash particles carried by the flue gas,[1, 2, 14, 16, 18] (3) gas and deposits 
induced fireside corrosion and accelerated metal wastage of furnace and boiler components,[1, 2, 16, 20] 
(4) reduced performance of flue gas cleaning equipment due to formation of aerosols and fine particulate 
matters.[18, 24, 25, 31] Ash related problems interfere with biomass combustion processes, reduce energy 
conversion efficiencies and heavily hamper the further application of biomass materials as fuels for heat 
and electricity production. 
3. Utilization of additives to prevent and abate ash related operational problems  
3.1. Additives and anticipated effects to abate ash issues 
Additives refer to a group of minerals or chemicals that can change the ash chemistry, decrease 
concentration of problematic species and raise ashes melting temperatures in biomass combustion 
processes. Additives in different forms have been tested in previous studies, and were introduced into the 
biomass combustion systems by: (1) blending with the fuel before combustion such as pelletizing the fuel 
together with additives or mixing the additives with the fuel as it is transported by a conveyor, (2) feeding 
into the combustor as powders or solutions via installed spraying systems. Various methods have been 
applied to monitor and give real time signals for the release/formation of relevant ash forming matters 
(e.g. KCl(g)). Physical and chemical properties of ash residues have been analysed with a wide range of 
instruments. According to available results and interpretations, different mechanisms for additives to 
abate biomass ash related problems have been proposed, including: 
 Chemical reaction (i.e. alkali-getter effects). By means of chemical reactions with additives, the 
low melting temperature elements in biomass fuels can be converted into high temperature melting 
substances.[14, 16, 17, 18, 20, 21-27] 
 Physical adsorption. With additive addition, condensable vapours, melted ashes as fine 
particulates, i.e. aerosols, can be captured by porous additive particles with large surface areas and 
transported out of the combustion systems.[14, 16, 18, 20-22] 
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 Enhancement of ash melting temperatures by introducing more inert materials and elements (i.e. 
SiO2 and Al2O3) into ash residues. 
 Diluting the ash and restraining ash melts formation and accumulation. 
3.2. Main chemical reactions between the additive and biomass ash 
Chemical binding is a preferred effect from an additive to mitigate ash issues during biomass 
combustion. KCl (g) and (l) is the most problematic specie formed during biomass combustion, which 
initiate and promote different operational problems.[33, 38, 41] Therefore, most of the tested additives are 
applied to capture and convert KCl into high temperature melting species via chemical reactions. 
Chemical capturing of KCl (g) and (l) is related to a series of solid/gas or solid/liquid reactions that occur 
normally after the KCl has volatized from fuel particles as vapours.[6, 7, 17, 42] On the other hand, some 
additives may also react with melted potassium silicates and phosphates and alter the ash chemistry to 
generate other chemicals and reduce the amount of ash melts.[6, 8, 9, 11, 28] 
Based on reactive components contained in additives, they can be divided into four groups, including 
(1) Aluminium silicates based additives. As shown in reaction (1), the main products between the Al-
silicates based additives and potassium chloride are potassium aluminium silicates. Changes of chemical 
composition of potassium silicates to potassium aluminum silicates are indicated by the arrow shown in 
Figure 1-b. One representative of aluminium silicates additive is kaolin. Kalsilite (KAlSiO4) and leucite 
(KAlSi2O6) are two main products from reactions between kaolin and KCl(g), and have melting 
temperatures of about 1600 °C and 1500 °C, respectively.[6, 7] Other aluminium silicates have been 
tested including zeolites, emathlite and bentonite. These aluminium silicates may capture KCl and give 
more complex potassium aluminium silicates such as KAlSi3O8.[44] In addition, SiO2 and Al2O3 also 
react with KCl at high enough temperature, but with much lower efficiency and capacity compared to 
kaolin.[28, 43, 44] Sewage sludge contains different aluminum silicates, silica and alumina, which 
showed ability to increase biomass ashes sintering temperatures and reduce fouling deposition in different 
studies. Therefore, sewage sludge is classified as an aluminum silicate based additive.[11, 16, 20-22, 45] 
[11] (2) Sulphur based additives. The main effect from sulfur based additives is to convert KCl into 
K2SO4. The reactions representing sulphation of KCl to K2SO4 are listed in reactions (4) to (8).[23, 25, 
26, 46] Compared to the KCl, the K2SO4 has a rather high melting temperature, about 840 °C, which 
makes K2SO4 less problematic in terms of deposition.[23, 46] Moreover, as a result of sulphation of KCl, 
the Cl will be released and flows away with flue gas. It will considerably reduce the amounts of Cl in the 
fouling deposits, which mitigate Cl induced high temperature corrosion, consequently.[23, 46] Usually, 
sulfur based additives are added in the form of a solution, since water soluble sulphates may decompose 
in a wide temperature range.[46] (3) Calcium based additives. Two types of calcium based additives 
have been tested. The first type is material containing CaO, CaCO3 and Ca(OH)2. As an alkali earth 
metal, the Ca (as Ca2+) can dissolve into potassium silicate melts and force K release to gas phase.[36, 47] 
As a result, more Si will react with Ca with formation of calcium silicates that have higher melting 
temperatures than potassium silicates. Formation of silicates with higher calcium contents are marked by 
the arrow shown in Figure 2-a.[9, 47] It will restrain ash melts formation and ash sintering and slagging 
as well. Calcium additives are more active in combustion of biomass fuels that are rich in phosphorus and 
potassium.[6, 8, 9] As indicated by available data from K2O-P2O5-CaO ternary systems, enhancement of 
Ca in potassium phosphates can strongly increase the melting temperature of phosphate.[9, 40] The 
melting temperature shift of phosphates with higher calcium contents can be seen in Figure 2-c as 
indicated by the arrow. However, Ca based additives such as lime, limestone and marble sludge are more 
efficient in abating ash sintering and slagging in bottom ash, since the solid-liquid reactions more likely 
occur at high temperatures and prolonged time. Based on the ash chemistry presented in the K2O-P2O5-
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CaO system, another calcium based additive CaHPO4·2H2O was proposed and tested.[27] By reaction 
with CaHPO4·2H2O, KCl will be converted into more stable calcium rich phosphates. (4) Phosphorus 
rich additives. For biomass fuels containing high contents of K and Si and a certain amount of Ca, 
phosphoric acid has been tested as an additive to reduce ash sintering and bed agglomeration in a 
fluidized bed reactor.[40] With introduction of more P in the ash residues, K may react with P forming K-
rich phosphates that may further react with CaO(s).[40] In this way, the potassium available to form low 
melting temperature silicates is reduced, which is observed as a reduction of low temperature melting 
potassium silicates.[9, 40] 
The key reactions involved between additives and potassium containing species are listed below: [7, 9, 
11, 17, 23, 27, 43, 46] 
 
Al2O3.xSiO2 + 2 KCl + H2 2O.Al2O3.xSiO2 + 2 HCl(g)                                                                (1) 
2 KCl + H2O(g) + Al2O3 KAlO2 + HCl(g)                                                                                        (2) 
2 KCl + SiO2 + H2 2O.SiO2 + 2 HCl(g)                                                                                        (3) 
SO2(g) + ½ O2(g) 3(g)                                                                                                                         (4) 
(NH4)2SO4(l) 3(g) + SO3(g) + H2O(g)                                                                                              (5) 
Fe2(SO4)3(l) 3(g) + Fe2O3                                                                                                             (6) 
Al2(SO4)3(l) 3(g) + Al2O3                                                                                                              (7) 
SO3(g) + 2 KCl(g) + H2O(g) (g) + K2SO4                                                                                      (8) 
KCl(g) + CaHPO4·2H2 4 + 2 H2O + HCl(g)                                                                        (9) 
K2O·SiO2 + 2 CaCO3 2O·SiO2 + 2 CO2(g)                                                                         (10)  
4. Review of additives 
Studies on the potential additives for reducing biomass ash related problems have been conducted the 
last decades.[6-9, 11, 14-21, 23, 24, 27, 28, 32, 33, 40, 42, 46] In Table 1, the different additives reported 
in the literature are summarized, with notation of main chemical compositions and possible effects on ash 
transformation in biomass combustion applications. There are many possible additives candidates 
reported in the literature, but the choice of a proper additive is not always straightforward.[18] The major 
challenge is to choose an ideal or the most optimal additive for solving ash related problems taking place 
in real combustion applications. The difficulties in selecting an applicable additive are: (1) ash 
transformation and interaction are quite complicated during biomass combustion, and are affected by 
fuel/ash chemical compositions, combustion temperature, residence time, etc.[1, 2, 29, 33, 34, 36, 38, 41, 
46, 48] (2) it is hard to predict property changes of additives in a biomass combustion system along with 
reaction temperature and time.[8, 9, 27, 49] (3) Interactions between additives and biomass ashes are 
complex and difficult to control.[18, 50] Recently, more in-situ and industrial scales tests have been 
carried out to get a better understanding of the behaviours of additives at combustion temperatures and 
effects of them on biomass ashes. Generally, the properties of one optimal additive can still be expected 
to be as following: 
 An ideal additive should be as effective and reactive as possible in order to capture problematic 
species formed during biomass combustion [18]. An ideal additive might have the following properties: 
(1) high reactivity to reduce the amount of problematic ash species irreversibly, [44] (2) high temperature 
stability, (3) large enough surface area for rapid adsorption and high loading capacity, [17] (4) relative 
high melting point itself without contributing to any new operating problematic issues.[28] 
 Any additive to the fuel must not significantly increase costs of the plant operation such as pre-
treatment of the additives before feeding them into combustion systems. On the contrary, with utilization 
of additives, the operation and maintenance cost should be lower.[18] 
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 The use of additives should not give rise to ash handling problems or increased environmental 
problems. The amount of an additive applied should be as small as possible with optimized effects.[18, 
43] 
 
Table 1. Review of additives reported in the literature (references [6-45]) 
 
Suspected effects Additives Main components
kaolin, halloysite, Al2Si2O5(OH)4, Al4(OH)8/Si4O10 2O
cat litter, emathlite, clay minerals, clay sludge Mixture of aluminum silicates (i.e Al2Si4O10, Al2Si4O10), silica and alumina 
illite one explam KAl2Si3AlO10.(OH)2
detergent zeolites Nax [(AlO2)x (SiO2)y 2O
ammonia sulfate, aluminum sulfate, iron sulfate, (NH4)2SO4, Al2(SO4)3, Fe2(SO4)3 
ammonia phosphate, phosphoric acid (NH4)3PO4, H3PO4, 
DCP Ca(H2PO4)2·H2O
limestone, lime, marble sludge CaCO3, CaO
sewage sludge,  paper sludge, peat ash, coal fly ash  AlxSiyOz
dolomite, bauxite, quartz, titanium oxide CaMg(CO3)2, SiO2, Al2O3, TiO2 ,
kaolin, zeolite, halloysite Al2O2 2)2 2O)2, Al2Si2O5(OH)4,
clay minerals aluminum silicates with different Al/Si ratios (i.e Al2Si4O10, Al2Si4O10)
clay sludge, sewage sludge, paper sludge Mixture of aluminum silicates (i.e Al2Si4O10, Al2Si4O10), detergent zeolites
lime, limestone, dolomite, calcined dolomite CaCO3, CaO, CaMg(CO3)2
bauxite, gibbsite Al2O3, Al(OH)3
bauxite, lime, limestone, Al2O3, CaCO3, CaO
silicon oxide, marble sludge, SiO2, CaCO3
Restraining and powdering effects lime, limestone CaCO3, CaO
Chemical adsorption and interaction
Physical adsorption
Dilution effect and inert elements enrichment 
 
 
5. Conclusions 
Ash release and transformation behaviours are briefly summarized in this paper. Additives based on 
different chemical compositions and possible counteracting effects can be used to abate ash related 
problems during biomass combustion. Chemical binding is the most important effect of additives, and 
converts problematic ash elements into high temperature stable substances. More studies are still needed 
for further understanding interactions between additives and biomass ashes. There are still critical studies 
that are necessary to further increase our understanding. Since utilization of additives is related to costs, 
the amount of additives used for different scenarios are important. Normally, the input amount is based on 
stoichiometric calculation. However, considering the loss of both additive mass and activity during a 
combustion process, more detailed calculations are required in combination with real combustion 
parameters. Furthermore, most of the studies reported in the literature are based on laboratory scale tests, 
while more in-situ and industrial scale tests are preferred with full scale operation for a longer time. In 
addition, new additives with multi-functions, high stability and reactivity and low cost should be 
identified and tested. It would be most attractive to find more additives from wastes materials with low 
costs and large amounts available. 
Acknowledgements 
Liang Wang and Øyvind Skreiberg acknowledge the financial support from the Research Council of 
Norway and industrial partners through the research centre CenBio and the KRAV project. 
 
 
 Liang Wang et al. /  Energy Procedia  20 ( 2012 )  20 – 29 27
References 
[1] Baxter, L. L.; Miles, T. R.; Jenkins, B. M.; Milne, T.; Dayton, D.; Bryers, R. W.; Oden, L. L., The behavior of inorganic 
material in biomass-fired power boilers: field and laboratory experiences. Fuel Processing Technology 1998, 54, (1-3), 47-78. 
[2] Frandsen, F. J., Utilizing biomass and waste for power production - a decade of contributing to the understanding, 
interpretation and analysis of deposits and corrosion products. Fuel 2005, 84, (10), 1277-1294. 
[3] Werther, J.; Saenger, M.; Hartge, E. U.; Ogada, T.; Siagi, Z., Combustion of agricultural residues. Progress in Energy 
and Combustion Science 2000, 26, (1), 1-27. 
[4] Demirbas, M. F.; Balat, M.; Balat, H., Potential contribution of biomass to the sustainable energy development. Energy 
Conversion and Management 2009, 50, (7), 1746-1760. 
[5] Bryers, R. W., Fireside slagging, fouling, and high-temperature corrosion of heat-transfer surface due to impurities in 
steam-raising fuels. Progress in Energy and Combustion Science 1996, 22, (1), 29-120. 
[6] Steenari, B.-M.; Lundberg, A.; Pettersson, H.; Wilewska-Bien, M.; Andersson, D., Investigation of Ash Sintering during 
Combustion of Agricultural Residues and the Effect of Additives. Energy & Fuels 2009, 23, (11), 5655-5662. 
[7] Steenari, B. M.; Lindqvist, O. High-temperature reactions of straw ash and the anti-sintering additives kaolin and 
dolomite; Biomass and Bioenergy. 1998, 14, (1), 67-76. 
[8] Gilbe, C.; Öhman, M.; Lindström, E.; Boström, D.; Backman, R.; Samuelsson, R.; Burvall, J., Slagging characteristics 
during residential combustion of biomass pellets. Energy and Fuels 2008, 22, 3536-3543. 
[9] Lindström, E.; Sandström, M.; Boström, D.; Öhman, M., Slagging Characteristics during Combustion of Cereal Grains 
Rich in Phosphorus. Energy & Fuels 2007, 21, (2), 710-717. 
[10] Piotrowska, P.; Zevenhoven, M.; Hupa, M.; Giuntoli, J.; de Jong, W., Residues from the production of biofuels for 
transportation: Characterization and ash sintering tendency. Fuel Processing Technology 2011. In Press. 
[11] Wang, L.; Skjevrak, G.; Hustad, J. E.; Grønli, M. G., Effects of Sewage Sludge and Marble Sludge Addition on Slag 
Characteristics during Wood Waste Pellets Combustion. Energy & Fuels 2011, 25, (12), 5775-5785. 
[12] Arvelakis, S.; Gehrmann, H.; Beckmann, M.; Koukios, E. G., Effect of leaching on the ash behavior of olive residue 
during fluidized bed gasification. Biomass and Bioenergy 2002, 22, (1), 55-69. 
[13] Arvelakis, S.; Koukios, E. G., Physicochemical upgrading of agroresidues as feedstocks for energy production via 
thermochemical conversion methods. Biomass and Bioenergy 2002, 22, (5), 331-348. 
[14] Aho, M., Reduction of chlorine deposition in FB boilers with aluminium-containing additives. Fuel 2001, 80, 
(Compendex), 1943-1951. 
[15] Öhman, M.; Nordin, A., The Role of Kaolin in Prevention of Bed Agglomeration during Fluidized Bed Combustion of 
Biomass Fuels. Energy & Fuels 2000, 14, (3), 618-624. 
[16] Pettersson, A.; Amand, L.-E.; Steenari, B.-M., Chemical fractionation for the characterisation of fly ashes from co-
combustion of biofuels using different methods for alkali reduction. Fuel 2009, 88, (9), 1758-1772. 
[17] Tran, K.-Q.; Iisa, K.; Steenari, B.-M.; Lindqvist, O., A kinetic study of gaseous alkali capture by kaolin in the fixed bed 
reactor equipped with an alkali detector. Fuel 84, (2-3), 169-175. 
[18] Tobiasen, L.; Skytte, R.; Pedersen, L. S.; Pedersen, S. T.; Lindberg, M. A., Deposit characteristic after injection of 
additives to a Danish straw-fired suspension boiler. Fuel Processing Technology 2007, 88, (11-12), 1108-1117. 
[19] Xiong, S.; Burvall, J.; Orberg, H.; Kalen, G.; Thyrel, M.; Öhman, M.; Bostrom, D., Slagging characteristics during 
combustion of corn stovers with and without kaolin and calcite. Energy and Fuels 2008, 22, (Compendex), 3465-3470. 
[20] Åmand, L.-E.; Leckner, B.; Eskilsson, D.; Tullin, C., Deposits on heat transfer tubes during co-combustion of biofuels 
and sewage sludge. Fuel 85, (10-11), 1313-1322. 
[21] Elled, A. L.; Davidsson, K. O.; Åmand, L. E., Sewage sludge as a deposit inhibitor when co-fired with high potassium 
fuels. Biomass and Bioenergy 34, (11), 1546-1554. 
[22] Aho, M.; Yrjas, P.; Taipale, R.; Hupa, M.; Silvennoinen, J., Reduction of superheater corrosion by co-firing risky 
biomass with sewage sludge. Fuel 89, (9), 2376-2386. 
28   Liang Wang et al. /  Energy Procedia  20 ( 2012 )  20 – 29 
[23] Broström, M.; Kassman, H.; Helgesson, A.; Berg, M.; Andersson, C.; Backman, R.; Nordin, A., Sulfation of corrosive 
alkali chlorides by ammonium sulfate in a biomass fired CFB boiler. Fuel Processing Technology 2007, 88, (11-12), 1171-1177. 
[24] Iisa, K.; Lu, Y.; Salmenoja, K., Sulfation of Potassium Chloride at Combustion Conditions. Energy & Fuels 1999, 13, 
(6), 1184-1190. 
[25] Jiménez, S.; Ballester, J., Influence of operating conditions and the role of sulfur in the formation of aerosols from 
biomass combustion. Combustion and Flame 2005, 140, (4), 346-358. 
[26] Jiménez, S.; Ballester, J., Formation of alkali sulphate aerosols in biomass combustion. Fuel 2007, 86, (4), 486-493. 
[27] Wu, H.; Glarborg, P.; Frandsen, F. J.; Dam-Johansen, K.; Jensen, P. A., Dust-Firing of Straw and Additives: Ash 
Chemistry and Deposition Behavior. Energy & Fuels 2011, 25, (7), 2862-2873. 
[28] Llorente, M. J. F.; Arocas, P. D.; Nebot, L. G.; García, J. E. C., The effect of the addition of chemical materials on the 
sintering of biomass ash. Fuel 2008, 87, (12), 2651-2658. 
[29] Knudsen, J. N.; Jensen, P. A.; Dam-Johansen, K., Transformation and Release to the Gas Phase of Cl, K, and S during 
Combustion of Annual Biomass. Energy & Fuels 2004, 18, (5), 1385-1399. 
[30] van Lith, S. C.; Alonso-Ramírez, V.; Jensen, P. A.; Frandsen, F. J.; Glarborg, P., Release to the Gas Phase of Inorganic 
Energy & Fuels 2006, 20, (3), 
964-978. 
[31] van Lith, S. C.; Jensen, P. A.; Frandsen, F. J.; Glarborg, P., Release to the Gas Phase of Inorganic Elements during Wood 
Combustion. Part 2: Influence of Fuel Composition. Energy & Fuels 2008, 22, (3), 1598-1609. 
[32] Zevenhoven-Onderwater, M.; Blomquist, J. P.; Skrifvars, B. J.; Backman, R.; Hupa, M., The prediction of behaviour of 
ashes from five different solid fuels in fluidised bed combustion. Fuel 2000, 79, (11), 1353-1361. 
[33] Hupa, M., Ash-Related issues in Fluidized-Bed Combustion of Biomasses: Recent Research Highlights.  Energy & Fuels  
2011, 26, (1), 4-14. 
[34] Frandsen, F. J.; van Lith, S. C.; Korbee, R.; Yrjas, P.; Backman, R.; Obernberger, I.; Brunner, T.; Jöller, M., 
Quantification of the release of inorganic elements from biofuels. Fuel Processing Technology 2007, 88, (11-12), 1118-1128. 
[35] Wang, L.; Trninic, M.; Skreiberg, Ø.; Gronli, M.; Considine, R.; Antal, M. J., Is Elevated Pressure Required To Achieve 
a High Fixed-Carbon Yield of Charcoal from Biomass? Part 1: Round-Robin Results for Three Different Corncob Materials. Energy 
& Fuels 2011, 25, (7), 3251-3265. 
[36] Thy, P.; Jenkins, B. M.; Grundvig, S.; Shiraki, R.; Lesher, C. E., High temperature elemental losses and mineralogical 
changes in common biomass ashes. Fuel 2006 85, (5-6), 783-795. 
[37] Thy, P.; Jenkins, B. M.; Lesher, C. E.; Grundvig, S., Compositional constraints on slag formation and potassium 
volatilization from rice straw blended wood fuel. Fuel Processing Technology 2006, 87, (5), 383-408. 
[38] Boström, D.; Skoglund, N.; Grimm, A.; Boman, C.; Öhman, M.; Broström, M.; Backman, R., Ash Transformation 
Chemistry during Combustion of Biomass. Energy Fuels 2011. 26, (1), 85-93. 
[39] Theis, M.; Mueller, C.; Skrifvars, B.-J.; Hupa, M.; Tran, H., Deposition behaviour of model biofuel ash in mixtures with 
quartz sand. Part 1: Experimental data. Fuel 2006, 85, (14-15), 1970-1978. 
[40] Grimm, A.; Skoglund, N.; Bostrom, D.; Ohman, M., Bed Agglomeration Characteristics in Fluidized Quartz Bed 
Combustion of Phosphorus-Rich Biomass Fuels. Energy Fuels 2011, 25, (3), 937-947. 
[41] Lindberg, D.; Backman, R.; Chartrand, P.; Hupa, M., Towards a comprehensive thermodynamic database for ash-
forming elements in biomass and waste combustion - Current situation and future developments. Fuel Processing Technology. In 
Press. 
 Liang Wang et al. /  Energy Procedia  20 ( 2012 )  20 – 29 29
[42] Davidsson, K. O.; Steenari, B. M.; Eskilsson, D., Kaolin addition during biomass combustion in a 35 MW circulating 
fluidized-bed boiler. Energy Fuels 2007, 21, (Compendex), 1959-1966. 
[43] Kyi, S.; Chadwick, B. L., Screening of potential mineral additives for use as fouling preventatives in Victorian brown 
coal combustion. Fuel 1999, 78, (Compendex), 845-855. 
[44] Uberoi, M.; Punjak, W. A.; Shadman, F., The kinetics and mechanism of alkali removal from flue gases by solid 
sorbents. Progress in Energy and Combustion Science 1990, 16, (4), 205-211. 
[45] Wang, L.; Skjevrak, G.; Hustad, J. E.; Grønli, M. G., Sintering characteristics of sewage sludge ashes at elevated 
temperatures. Fuel Processing Technology 2012, 96, (0), 88-97. 
[46] Aho, M.; Vainikka, P.; Taipale, R.; Yrjas, P., Effective new chemicals to prevent corrosion due to chlorine in power 
plant superheaters. Fuel 2008, 87, (6), 647-654. 
[47] Thy, P.; Lesher, C. E.; Jenkins, B. M., Experimental determination of high-temperature elemental losses from biomass 
slag. Fuel 2000, 79, (6), 693-700. 
[48] Wu, H.; Castro, M.; Jensen, P. A.; Frandsen, F. J.; Glarborg, P.; Dam-Johansen, K.; Røkke, M.; Lundtorp, K., Release 
and Transformation of Inorganic Elements in Combustion of a High-Phosphorus Fuel. Energy & Fuels 2012, 95, (0), 90-95. 
[49] Becidan, M.; Sørum, L.; Frandsen, F.; Pedersen, A. J., Corrosion in waste-fired boilers: A thermodynamic study. Fuel 
2009, 88, (4), 595-604. 
[50] Mroczek, K.; Kalisz, S.; Pronobis, M.; Soltys, J., The effect of halloysite additive on operation of boilers firing 
agricultural biomass. Fuel Processing Technology 2011, 92, (5), 845-855. 
 
 
